Background: Ant societies comprise individuals belonging to different castes characterized by specialized morphologies and behaviors. Because ant embryos can follow different developmental trajectories, epigenetic mechanisms must play a role in caste determination. Ants have a full set of DNA methyltransferases and their genomes contain methylcytosine. To determine the relationship between DNA methylation and phenotypic plasticity in ants, we obtained and compared the genome-wide methylomes of different castes and developmental stages of Camponotus floridanus and Harpegnathos saltator. Results: In the ant genomes, methylcytosines are found both in symmetric CG dinucleotides (CpG) and non-CpG contexts and are strongly enriched at exons of active genes. Changes in exonic DNA methylation correlate with alternative splicing events such as exon skipping and alternative splice site selection. Several genes exhibit caste-specific and developmental changes in DNA methylation that are conserved between the two species, including genes involved in reproduction, telomere maintenance, and noncoding RNA metabolism. Several loci are methylated and expressed monoallelically, and in
Introduction
Eusocial insects show extreme phenotypic plasticity, which is particularly pronounced in ant societies, where colony members vary in size, behavior, and physiology [1] . In most ant species, colonies are divided into sexual castes (reproductively active queens, virgin queens, males) and nonreproductive female workers, sometimes divided in distinct subcastes. With the exception of males, which are haploid and contribute little to the organized life of an ant colony, all ant castes develop from diploid female embryos. Typically, caste determination is not a consequence of genetic differences in these embryos but occurs in response to environmental stimuli. Therefore, the ant genome must simultaneously encode multiple behavioral, morphological, and physiological phenotypes, among which a specific caste identity is selected for each individual during development and maintained for its lifetime, most likely by epigenetic mechanisms [2, 3] .
We recently sequenced the genomes of the ants Camponotus floridanus and Harpegnathos saltator, which provide intriguing contrasts in behavioral flexibility and social organization [4] . Camponotus colonies are organized in a rigid social structure, entirely dependent on the presence of the queen, and with workers that differ in morphology and behavior (majors and minors). When a Camponotus queen dies, it is not replaced and the colony dies with it. Harpegnathos colonies are more flexible, and upon removal of the founding queen, a few dominant workers, called ''gamergates,'' rise to the social status of acting queens [5] . Although all Harpegnathos females are capable of mating and laying fertilized eggs, only queens and gamergates are allowed to produce progeny [6] .
These two ant species provide compelling experimental paradigms to investigate epigenetic processes that affect organisms as a whole. In Camponotus, alternative developmental trajectories yield fixed phenotypic outcomes: minor, major, and queen adults that look and behave differently. This process is analogous to the process of cell-type differentiation, during which the epigenetic state of pluripotent cells is molded to generate a variety of cell identities all arising from a single genome. In contrast, the worker-gamergate transition in Harpegnathos reflects more plastic epigenetic processes, perhaps analogous to the processes of somatic cell reprogramming and transdifferentiation. Thus, we hypothesized that DNA methylation, a well-characterized epigenetic signal involved in differentiation and cell-fate decisions in many multicellular organisms [7, 8] , may contribute to the phenotypic diversity of ant castes.
DNA methylation is largely absent in four widely studied invertebrates, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Caenorhabditis elegans, and Drosophila melanogaster. The lack of DNA methylation in Diptera (such as Drosophila) appears to be the exception rather than the rule among insects, given that it is present in Lepidoptera, Hemiptera, and Hymenoptera [4, [9] [10] [11] . DNA methylation in Hymenoptera may be required for the long-term maintenance of polyphenism in adults, a precondition to caste distinction and social organization. In fact, DNA methylation has been implicated in caste determination and learning in Apis mellifera [12, 13] .
Here, we report the genome-wide, nucleotide-resolution DNA methylomes for seven different developmental stages and castes of Camponotus and Harpegnathos, and we analyze the relationship between DNA methylation, gene expression, and splicing in these social insects.
Results

DNA Methylation Maps for Different Developmental Stages and Adult Ant Castes
We measured the levels of DNA methylation in embryos, larvae, and five adult castes for Camponotus and Harpegnathos by performing bisulfite conversion and sequencing (BS-seq) of genomic DNA from two libraries (biological replicates) per sample [10] . Anatomical differences between embryos, larvae, and adults and the large amounts of DNA required for BS-seq prohibited the analysis of isolated tissues; therefore, we pooled genomic DNA from whole individuals. Although this strategy yields a complex picture of DNA methylation patterns from various cell types [14] , we reasoned that a global DNA methylation profile would still unveil general features and that intercaste differences would emerge from the global comparison.
We sequenced w86 (Camponotus) and w132 (Harpegnathos) Gb of bisulfite-converted DNA, which yielded an average depth of w203 per strand for each sample. More than 92.5% of all cytosines (Cs) were covered by at least two reads per sample. We detected cytosine methylation at w200,000 sites in Camponotus and at w250,000 sites in Harpegnathos (Figure 1A) , accounting for 0.3% and 0.21% of all cytosines. After correcting for partially methylated sites, we determined the abundance of mCs at 0.14%-0.16% in Camponotus and 0.11%-0.12% in Harpegnathos. The higher ratio of mC/C in Camponotus compared to Harpegnathos confirms our previous estimates obtained by dot blot analysis [4] . Although this mC/C ratio is lower than in vertebrates, DNA methylation is more prevalent in ants than in the two most established invertebrate model organism, D. melanogaster, where it is confined to early embryonic stages [15] , and C. elegans, which has no DNA methylation at all [16] .
Context and Degree of Cytosine Methylation
Methylcytosines in eukaryotes are typically found in symmetric CG dinucleotides (CpG), although non-CpG sequences (henceforth CH, where H stands for non-G nucleotides) can also be methylated. CH methylation (mCH) is further classified in symmetric mCHG and asymmetric mCHH [7] . In addition to mCGs, we found mCHs in CHG and CHH context in all caste and developmental stages from both species ( Figure 1A) . Because previous studies on other insects did not detect or could not validate mCHs [10, 14] , we confirmed their presence in ants by conventional sequencing of 15 loci (see Figure S1 available online). Manual verification confirmed that these regions contained mCHs, not only in embryos, where extensive de novo DNA methylation is expected, but also in adults ( Figures 1B and 1C) . Methylated CHs were mostly in the context of CpA dinucleotides ( Figures 1D and 1E ), as in vertebrates [17] .
Methylated CGs exhibited a typical bimodal distribution [18] , in which the majority of sites were either methylated in >80% or <30% of the reads ( Figures S2A and S2B) , whereas mCHs were methylated to a much smaller degree (Figures S2C-S2F ). Considering that our methylome profiles were generated from whole bodies, this difference suggests that mCH in ants is restricted to a small cell population or that its genomic distribution is highly variable from cell to cell. Methylated CGs were symmetrically methylated on both strands at 75% of sites, whereas less than 1% of mCHGs were symmetrical; therefore, symmetry-based deposition of mCHG is not common in ants.
Methylcytosines Accumulate at Transcribed Genes and Transposable Elements
To quantify the extent of methylation of genomic features, we first calculated the degree of methylation for each mC by dividing the number of methylated reads by the total number of reads covering that cytosine and then summed all these values in the feature of interest and divided by the total number of sites available for methylation. We refer to this value as the ''methylation level'' of a given region.
Cytosine methylation in both Camponotus and Harpegnathos exhibited a mosaic distribution, typical of invertebrates [8, 19, 20] : small regions with high methylation levels were interspersed among larger regions devoid of DNA methylation. In all samples, most mCGs were in protein-coding genes, particularly in their coding sequences, with small amounts of methylation also observed at snRNA loci ( Figure 2A ). We observed similar patterns for mCHG and mCHH (data not shown).
Similar to the case in mammals [21] , CpG islands-regions rich in G-C base pairs and CpG dinucleotides-were depleted of mCGs ( Figure 2B ). Mammalian genomes contain relatively few CpG islands because most CpG dinucleotides are methylated, accumulate unrepaired C-T mutations, and are purged from the genome over evolutionary time. Thus, mammalian CpG islands are preferentially unmethylated and enriched for regulatory functions. In contrast, the ant genome contains a surprisingly high number of CpG dinucleotides [4] and the conventionally accepted parameters that define CpG islands in vertebrates [22] assigned w5% (Camponotus) and w16% (Harpegnathos) of the total genomic sequence to this class. Therefore, the functional significance of these sequences in ants remains unknown, but a mechanism that maintains them in a hypomethylated state seems to exist.
Although transposable elements (TEs) were methylated at genomic background level or lower when taken as a whole (Figure 2A ), certain TE classes were more methylated than others ( Figure S3A ). Several individual TEs were hypermethylated compared to the genome average, whereas others were hypomethylated ( Figure S3B ). Many TEs showed comparable methylation levels in the two species, but in some cases hypermethylation was species-specific, for example that of L1-Tx1 LINE and Mariner elements in Camponotus and Harbinger and hAT-Blackjack in Harpegnathos ( Figure S3B ). Methylation of TEs correlated positively with their expression level ( Figure S3C ), suggesting that DNA methylation preferentially marks active TEs. Interestingly, in both species the targets of repeat-associated small RNAs (rasRNAs) showed the highest methylation levels in males ( Figure S3D ). Given that degenerating testis tissue and stored sperm account for a large fraction of body weight in male ants, this observation suggests that rasRNAs target preferentially active transposons in the male germline.
DNA Methylation Peaks at the Start of the Second Exon
In the body of the average ant gene, methylation increased sharply at the ATG and decreased in the 3 0 direction, returning to background levels at the stop codon ( Figure 2C ; Figure S4A ). This pattern was virtually identical across castes and developmental stages and between the two species. DNA methylation peaked w750 bp downstream of the ATG ( Figure S4B ), which corresponds to the start of the second exon of methylated genes ( Figure S4C ). In contrast, the average start of the second exon when all genes were considered-regardless of their methylation status-was at +1,475 bp (Camponotus) and +1,525 bp (Harpegnathos). In fact, the average intron size between methylated and unmethylated genes varied greatly, and this difference was also observed in A. mellifera, but not B. mori ( Figure S4C ).
Within the gene body, mCs accumulated on exons (Figure 2D ; Figure S4D ) and were largely absent from introns, as observed in other organisms [23] . We reanalyzed genomewide DNA methylation data for A. mellifera [14] ( Figure S4E ) and B. mori [10] and found similar patterns, although in the latter, introns contained detectable amounts of DNA methylation ( Figure S4F ). The high mC density in exons compared to introns in ants and other organisms suggests a link between DNA methylation and the transcription and/or splicing machinery (see below).
Relationship between Caste-Specific Methylomes and Transcriptomes
To compare DNA methylation and gene expression, we utilized our published RNA-seq data sets [4] and integrated them with newly generated data sets for mature queens and virgin queens. Genome-wide, methylation levels exhibited for the most part a positive correlation with RNA levels, except for the most highly expressed genes ( Figures 3A and 3B ), as originally found in plants and other organisms [19, 24] . Methylated genes exhibited lower sample specificity [25] than unmethylated genes ( Figures 3C and 3D ), which suggests that they are enriched for constitutively expressed housekeeping genes, which contribute RNA and methylated genomic DNA from all tissues and are therefore more represented in wholebody samples. This is consistent with predictions based on genome-wide patterns of CpG depletion in A. mellifera [26] .
At the single gene level, the correlation between methylation and RNA levels was not as striking as it was genome-wide ( Figures 3E and 3F ), which may explain why the unsupervised hierarchical clustering of embryos, larvae, and adult castes according to their expression or methylome profiles yielded trees with different topologies ( Figure S5 ). In Camponotus, the methylome profile drew the clearest distinction between sexual castes and the remaining samples ( Figure S5A ), whereas at the transcriptome level the highly reproductive queen was drastically different from the other adult castes ( Figure S5B ). In Harpegnathos, the DNA methylation profiles of gamergates and workers were more similar than their transcriptomes ( Figures S5C and S5D) , suggesting that not all the transcriptional changes that accompany the worker-gamergate transition translate into stable epigenetic modifications.
Differentially Methylated Genes and Their Conservation between Ant Species
Next, we sought to identify genes with differences in methylation levels. Given that differences in methylation concentrated in small patches within genes, rather than on the entire gene length ( Figures 4A and 4B ), we used a 200 bp sliding window to identify genes containing at least one differentially methylated region with >2-fold changes in methylation levels in all 21 pairwise sample comparisons. In some cases differences in methylation were associated with changes in splicing patterns ( Figure 4A ) and in others with changes in gene expression ( Figure 4B ). The number of differentially methylated genes ( Figures 4C and 4D ) in each comparison reflected our anticipations based on the biology of these organisms. For example, major and minor workers in Camponotus differed by few methylated genes (9) , and the number of differentially methylated genes between Harpegnathos worker and gamergates (38) was the lowest for this species, consistent with the similarities of their methylomes genome-wide ( Figure S5C ). Nonetheless, gamergates had more methylated genes in common with the reproductive queen, suggesting that methylation of at least some of these genes may correlate with the achievement of a reproductive dominant status. Using our homology-based functional annotation [4] , we analyzed the enrichment of gene ontology (GO) terms in genes differentially methylated between adult castes (Tables S1 and S2). The nine genes differentially methylated in Camponotus minor workers compared to major workers were enriched for GO terms related to fatty acid metabolism (Table S1 ), which are also associated with differentially expressed ant-specific genes [4] . Reflecting a more extensive methylome distinction, genes differentially methylated in reproductive compared to nonreproductive individuals were enriched for more diverse GO terms related to metabolic processes, GTPase signaling pathways, and chromatin processes (''chromatin remodeling complex,'' ''H3K36 demethylation''), among others. We identified genes differentially methylated in Camponotus queens compared to workers and asked whether their orthologs in Harpegnathos were also differentially methylated. In all comparisons, the number of genes displaying conserved patterns of methylation changes across species was higher than what was expected by chance (Table S3) . Half of these genes belonged to three functional categories: reproductive biology, telomere maintenance, and noncoding RNA metabolism (Table  S4) , whereas genes with conserved differences in methylation between embryos and larvae included several that function in larval development in other organisms (Table S5 ). These observations suggest that DNA methylation of certain genes has been associated with caste identity and possibly with the regulation of reproduction ever since the ancestors of Camponotus and Harpegnathos diverged more than 100 million years ago.
DNA Methylation Levels Are Altered near Alternative Splice Sites
Previous analyses in A. mellifera [14, 27] and humans [28] , our observation that mCs accumulate in exons (Figure 2) , and the fact that patches of mCs were observed near alternative splicing sites ( Figure 4A ) all pointed to a link between splicing and DNA methylation. Indeed, skipped exons exhibited significantly (p < 0.01) lower methylation level than randomly selected exons ( Figure 5A ), and the presence of alternative splice site in 5 0 or 3 0 affected the methylation levels of upstream and downstream exons (Figures 5B and 5C ). The fact that these changes were relatively minor suggests that the link between DNA methylation and alternative splice site selection is either restricted to a subset of genes or that additional RNA-seq data is required to improve the detection of alternative isoforms. Nonetheless, these results and observations in other species [27, 28] support a connection between DNA methylation and the selection of alternative exons and splice sites.
To further investigate the relationship between DNA methylation and alternative splicing, we manually analyzed the Camponotus homolog of lipophorin receptor 2 (Cflo_09743), a gene involved in oogenesis [29] , the Harpegnathos homolog of ciboulot (Hsal_08119), a gene involved in caste determination in termites [30] , and the Harpegnathos endonuclease G gene (Hsal_05204). In the first two cases, inclusion of an alternative exon correlated with hypomethylation ( Figures  S6A and S6B) , as observed for the alk gene in honeybees [27] and CD45B in human cells [28] , whereas exon inclusion in Hsal_05204 correlated with hypermethylation ( Figure S6C ). This suggests that, if DNA methylation changes affect the inclusion rates of exons, they likely do so through recruitment of (or interference with) different factors in different genes. 
Monoallelic DNA Methylation Correlates with Monoallelic Gene Expression
In vertebrates, allele-specific DNA methylation (ASM) underpins important epigenetic phenomena such as X chromosome inactivation [31] and parental imprinting [32] , and ASM at gene promoters correlates inversely with allele-specific expression [33] . To our knowledge, this aspect of DNA methylation has not been investigated in invertebrates. Using single nucleotide polymorphisms (SNPs), we assigned each BS-seq read to one of two alleles in each sample and we detected patches of ASM in all samples analyzed (Table S6) , although only regions with informative A or G SNPs could be interrogated. Some cases of ASM were caste-specific; for example, in Camponotus, an ASM region was methylated on allele #1 in nonreproductives and allele #2 in reproductive individuals ( Figure 6A ). This region mapped to Cflo_11155, a conserved gene involved in reproduction and gamete generation in C. elegans and preferentially expressed in Drosophila ovaries. Among the regions displaying ASM in Harpegnathos, we found one that was devoid of methylation in the embryos but acquired ASM in the adults ( Figure 6B) . In all samples, ASM associated with allele-specific expression ( Figures 6C and  6D ), supporting a relationship between DNA methylation and gene expression in these regions.
Discussion
We obtained the first single-nucleotide resolution DNA methylomes in ants with the goal of understanding the relationship between this epigenetic mark and the extensive polyphenism observed in these social insects. Although genetic effects in ant caste determination have been observed [34] , they are considered maladaptive in monogynous and monandrous species (such as Camponotus and Harpegnathos) and thus unlikely to be relevant for this study. Furthermore, our extensive resequencing efforts have failed to uncover any allelic bias between Camponotus worker castes. By analyzing the DNA methylation maps of two developing stages and five adult castes in Camponotus and Harpegnathos, we identified conserved features of the ant methylomes: (1) the presence of non-CpG methylation in developing and adult individuals, (2) the accumulation of mCs on exons, and (3) the existence of ASM and its correlation with allelespecific expression. Some differentially methylated genes were conserved in the two species, but many were speciesspecific, reflecting evolutionary divergence in the targets of the DNA methylation pathway.
Most mCs in eukaryotes are in the context of symmetric CpG dinucleotides [2] ; however, low levels of mCHH and mCHG are also found in mouse and human embryonic stem cells (ESCs) [17, 21] . It has been argued that mCH in animals is a byproduct of DNA methyltransferase 3A (DNMT3A), which has low sequence specificity, because they have been detected only in cells with strong de novo methyltransferase activity, such as ESCs [17] . The presence of non-CpG methylation in adult ants was unexpected and suggests the possibility of biologically functional non-CpG methylation in ants. DNA methylation in ants was most prominent inside gene bodies, and in particular on transcribed exons. Our data are consistent with previous findings showing that the bulk of DNA methylation in invertebrates and plants accumulates on intermediate-to-high expression genes [14, 19, 23, 24, 35] . However, the correlation between methylation levels and gene expression was not absolute, indicating that the presence of DNA methylation on the bodies of these genes may reflect a separate layer of regulation, such as that of alternative splicing.
The precise origin and ultimate function of gene body DNA methylation, which is found in all organisms that express DNMTs [21, 35] , remains unknown. It was suggested that gene body methylation protects transcribed genes from aberrant transcriptional initiation in the wake of RNA polymerase [36] , but recent studies argued against this model [7, 24] . We cannot explain how the DNA methylation machinery distinguishes exons from introns in the DNA sequence, but we speculate that it must result from a molecular crosstalk with the transcription and splicing machinery. Observations in A. mellifera [14, 27] and our ant methylomes point to a connection between DNA methylation and the regulation of splicing, which may be conserved with other organisms, including humans [28] . Indeed, in human cells DNA methylation regulates splicing by inhibiting CTCF binding, which alters the rate of transcription by RNA polymerase and affects exon inclusion [28] . This and other mechanisms may be at work in ants, and although most of the changes that we observe are subtle, they may reflect more pronounced tissue-specific changes that are masked by the heterogeneity of wholebody samples.
Our observations raise intriguing questions regarding the mechanistic details of DNA methylation pathways in ants. In particular, how do methylation patterns change in response to developmental and environmental cues? In honeybees, caste determination has a strong nutritional component, such that larvae fed ''royal jelly'' develop into queens [37] . No equivalent dietary input is known in ants, and, at least for Harpegnathos, it seems unlikely, given that larvae feed on live prey captured by workers [38] . Thus, other developmental cues must initiate a cascade of events that culminates in caste polyphenism, but whether and how such signals translate into differential methylation remains to be explained. DNMTs interact with a variety of nuclear components, including transcription factors, epigenetic regulators, histone modification, and noncoding RNAs [2, 39, 40] , and some of these may guide caste-specific DNA methylation in ants. The refinement of molecular techniques such as RNAi and transgenesis will be required before we can determine whether the observed caste-specific DNA methylation patterns play a direct role in establishing caste identity in ants.
Finally, the discovery of ASM in ants opens a new avenue of investigation on the role of DNA methylation in shaping caste identity and social behavior. Based on the peculiar genetics of haplodiploid sex determination and eusocial living, it was proposed that parental imprinting may be prominent in social insects [41] [42] [43] [44] . We identified several loci that exhibit ASM as well as allele-specific expression, which, in mammals, is a sign of parental imprinting. Because of technical limitations, we could not trace methylated and unmethylated alleles to the parent of origin, and therefore we cannot formally conclude that parental imprinting caused the ASM that we observed. However, at least one case of parent-of-origin effects on social behavior was described in honeybees [45] and it would be interesting to determine whether it orginates from imprinted DNA methylation.
Experimental Procedures
Camponotus and Harpegnathos colonies were housed and reared as described [4] . We isolated 20 mg of genomic DNA and 10 mg of RNA for each sample. Gut and poison glands were removed from all adults to minimize microbial contamination and degradation of nucleic acids. Bisulfite conversion was carried out with a modified NH 4 HSO 3 -based protocol [46] , and polyA+ RNA was selected for RNA-seq. Libraries were sequenced on Illumina Genome Analyzers. Short reads were aligned to the Camponotus and Harpegnathos genomes v3.5 with SOAP2 [47] . Cs in BS-seq reads that matched to Cs on the reference genome were counted as potential mCs. We calculated the false-positive rate using a nonmethylated control and utilized it to determine true positive mCs with a statistical model. We then assigned methylation rates to all mCs that passed statistical filtering. We defined ''methylation level'' as the sum of all methylation rates in the region of interest divided by the total number of covered Cs.
Alternative splicing events were detected using junction reads identified by TOPHAT [48] . To ensure the accuracy and reliability of junction reads, we required at least 8 bp with no mismatch on each side of the exon junction. Sample specificity for methylated and unmethylated genes was calculated following Yanai et al. [25] , with appropriate modifications for DNA methylation data.
Two-way ANOVA was used to identify differentially methylated regions (DMRs) between two samples using a 200 bp sliding window with a step length of 100 bp. Given that DNA methylation may affect genes at the exon level, we reasoned that an exon-size window would have the best chances to detect DMRs. To ensure the power of statistical test, we considered only windows with at least six (three per strand) informative CpGs (R33 coverage) in both replicates of the two comparable samples.
To detect allele-specific methylation and expression, we determined SNPs with SOAPsnp [4, 49] , then assigned BS-seq reads to one of two alleles for all heterozygous SNPs. Only regions with FDR-adjusted p value < 0.05 were considered. SNPs linked to regions exhibiting ASM and overlapping exons of protein-coding genes were used to detect expression levels of hyper-and hypomethylated alleles using RNA-seq.
Additional details are described in the Supplemental Experimental Procedures.
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